Objective: To examine the diaphragm and chest wall dynamics with cine breathing magnetic resonance imaging (MRI) in ambulatory boys with Duchenne muscular dystrophy (DMD) without respiratory symptoms and controls. Methods: In 11 DMD boys and 15 controls, cine MRI of maximal breathing was recorded for 10 sec. The lung segmentations were done by an automated pipeline based on a Holistically-Nested Network model (HNN method). Lung areas, diaphragm, and chest wall motion were measured throughout the breathing cycle. Results: The HNN method reliably identified the contours of the lung and the diaphragm in every frame of each dataset (~180 frames) within seconds. The lung areas at maximal inspiration and expiration were reduced in DMD patients relative to controls (P = 0.02 and <0.01, respectively). The change in the lung area between inspiration and expiration correlated with percent predicted forced vital capacity (FVC) in patients (r s = 0.75, P = 0.03) and was not significantly different between groups. The diaphragm position, length, contractility, and motion were not significantly different between groups. Chest wall motion was reduced in patients compared to controls (P < 0.01). Interpretation: Cine breathing MRI allows independent and reliable assessment of the diaphragm and chest wall dynamics during the breathing cycle in DMD patients and controls. The MRI data indicate that ambulatory DMD patients breathe at lower lung volumes than controls when their FVC is in the normal range. The diaphragm moves normally, whereas chest wall motion is reduced in these boys with DMD.
Introduction
Duchenne muscular dystrophy (DMD) is the most common inherited myopathy and characterized by progressive weakness of skeletal, cardiac, and respiratory muscles. Respiratory failure is inevitable in DMD. 1 Multidisciplinary care and ventilatory support have increased longevity, 2, 3 and corticosteroids and idebenone may stabilize the respiratory function in nonambulatory patients. 4, 5 Restoration of the diaphragm function alone prevented cardiomyopathy in mice. 6 Thus, the diaphragm and other respiratory muscles remain the important therapeutics targets in DMD.
Current guidelines emphasize the need for timely diagnosis of respiratory complications in DMD. 3, 7 Most patients are not aware of their loss of respiratory muscle strength until a respiratory infection leads to pneumonia. Annual forced vital capacity (FVC) assessments are recommended. The FVC usually increases with age through 10 years and plateaus before declining after age 18 years in DMD patients. 8 It has a poor specificity for the respiratory muscle weakness. 8, 9 A >25% postural FVC drop may indicate diaphragm weakness. 10 However, postural FVC drop is not seen in DMD patients because they have more generalized weakness affecting other inspiratory muscles than the diaphragm. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Pulmonary function tests do not distinguish the specific involvement of different respiratory muscles. Magnetic resonance imaging (MRI) has been used for detection of the diaphragm weakness in Pompe disease. 12, 13 However, the temporal resolution required for the dynamic assessment often leads to poor spatial resolution and makes the image analysis challenging. We developed a novel automated analysis pipeline and examined respiratory muscle dynamics with cine breathing MRI in ambulatory DMD boys and controls.
Subjects and Methods

Participants and study design
In this cross-sectional study, the cine breathing MRI was obtained in ambulatory subjects with DMD and healthy volunteer boys. All patients were on oral corticosteroids with a dose equivalent to prednisone 0.75 mg/kg per day. The patients travelled to the NIH Clinical Center during the screening phase of a clinical trial evaluating an oligonucleotide therapy (NCT01462292). A sitting FVC was measured before randomization into the clinical trial, which was within 3 weeks of the imaging. The controls were recruited from the NIH Clinical Research Volunteer Program registry. Subject eligibility and inclusion and exclusion criteria have been described elsewhere.
14 The subjects did not have dyspnea at rest or on exertion, chest pain, need for ventilator assistance, sleep disturbances, pneumonia, swallowing difficulty, or scoliosis. None had acute illness during a month before their visit. All subjects had normal left ventricular function. 15 Standard protocol approvals, registrations, and consents
The study was registered on clinicaltrials.gov (NCT01451281) and was in compliance with the NIH Privacy Act and approved by an NIH Institutional Review Board. Informed written assent and consent were obtained from each subject and parent or guardian before participation in the study.
MRI acquisition
MR images of the respiratory muscles were acquired on 1.5T scanners (Siemens Avanto or Espree, Erlangen, Germany). An 18-element torso phased array coil was used. Before the MRI scan, the participants were encouraged to practice the vital capacity maneuver in the supine position. Dynamic motion of the chest wall and diaphragm was imaged in a sagittal plane passing through the right midclavicular line, a coronal plane, and axial planes at the tracheal bifurcation and the diaphragm levels. Cine MRI was recorded for 10 sec with the average time difference of 0.065 sec between frames for each plane. Real-time cine imaging was acquired using a balanced steady-state free precession sequence with parallel imaging acceleration as previously reported. 16 The sequence parameters were repetition time 3.1 msec, echo time 1.4 msec, gradient echo train length 23, excitation flip angle 50°, slice thickness 6 mm, and a field of view 360 9 270 mm 2 .
MRI analysis
Lung segmentation using deep learning-based approach
Deep learning is a representation learning method that allows a machine to be fed raw data and to automatically discover the representation needed for an object detection. 17 We used Holistically-Nested Network (HNN), 18 a deep learning model for the lung segmentation. Details of our lung segmentation method have been described elsewhere (W. Kovacs et al., unpubl. ms.). In brief, the model was constructed by training on a randomly selected frame from each MRI dataset. The initial network structure was based on a VGGNet model, 19 pretrained on ImageNet, 20 and then fine-tuned (as in ref. 21 ) on a randomly selected frame of each cine breathing MRI dataset with a learning rate of 10 À6 . The trained model was subsequently applied to the entire set of frame sequences (typically 180 frames) in each dataset to define the contours of the lung and the diaphragm. The investigators were blinded to other clinical information.
Measurements of the lung area and the diaphragm and chest wall motion
The coronal plane provided a demonstration of symmetry of the diaphragm dome motion during the breathing cycle (Video S1). It was difficult to identify the appropriate axial plane in young children and axial images sometimes included the heart and major blood vessels. Subsequently, the sagittal plane in the right lung was chosen for further evaluation to avoid the interference of the heart with the segmentations (Video S2). The area within the lung contour was automatically measured (Fig. 1A and B) . The distances from the apex of the lung to the diaphragm at the anterior (ANT) and posterior (POST) costophrenic angles and the distance of a vertical line dropped from the apex of the lung to the diaphragm (central; CNT) were measured as described previously. 22 The diaphragm length was measured along the dome of the diaphragm during inspiration. The diaphragm length was calculated as the sum of the lengths of the diaphragm dome and the zones of apposition during expiration. The lung area, the diaphragm length, and all distances were computed in every frame of each cine MRI dataset. The frames with the maximum and minimum lung area from a breathing cycle were identified as representing maximal inspiration (Fig. 1A) and expiration ( Fig. 1B) , respectively. The difference between the two largest values of the lung area delta (the lung area at maximal inspiration minus lung area at maximal expiration) was used to investigate breathing cycle effort consistency within a subject. The diaphragm motion (DM) and the chest wall motion (CWM) were calculated on the superimposed frames of the maximal inspiration and expiration from each breathing cycle as described previously. 13 The DM was measured as the area displaced by the diaphragm, defined as the area bordered by the contours of the diaphragm in maximal expiration and maximal inspiration frames on superimposed images (Fig. 1C) . The CWM was calculated by subtraction of the area displaced by the diaphragm from the lung area in maximal inspiration frame. The investigators were blinded to other clinical information.
Manual segmentation
Manual tracing of the diaphragm was done with the help of the software Analyze 11.0 on every single frame of each cine MRI dataset by an investigator (C.A.B.), who was blinded to other clinical information. The averages of closest distances between the traced diaphragm by HNN method and the manual drawing for every pixel in every frame were measured for comparison.
Statistical analysis
Wilcoxon rank sum tests were used to summarize the subject characteristics and compare the MRI measures between groups. Wilcoxon signed-rank tests were used to evaluate the difference between the two largest lung area delta values in each subject. The degree of agreement for tracing of the diaphragm between manual and HNN methods was measured by the Bland-Altman method. 23 The consistency for breath effort between breathing cycles was measured by using the intraclass correlation coefficient. Spearman's correlation coefficient (r s ) was used to assess the association between the respiratory MRI measures and subject age, height, and weight within each group. Two-sided tests were performed for all statistical analyses and the level of significance was set at P < 0.05. Data analyses were carried out using R version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria).
Results
Subject demographics
The dynamic respiratory muscle cine MRI was analyzed in 11 ambulatory boys with DMD (age range: 6-14 years) and 15 healthy volunteer boys (age range: 7-12 years). The patient and control groups were not significantly different in age (P = 0.06) or weight (P = 0.10) ( Table 1 ). Representative lung segmentations and changes in the lung area and the diaphragm position relative to the thoracic apex over time. Right sagittal images show the lung segmentations (red) and the anterior (magenta), central (black), and posterior (blue) distances between the thoracic apex and the diaphragm at maximal inspiration or total lung capacity (A) and maximal expiration or residual volume (B) of the same subject. The superimposed image (C) of A and B shows the area displaced by the diaphragm motion (green). Note that the HNN method detects the entire length of the diaphragm including the dome and zones of opposition. Graphs show changes in the lung area (red; top panel) and the anterior (magenta), central (black), and posterior (blue) distances (bottom panel) in a 9-year old individual with DMD (D) and an age-matched healthy volunteer boy (E) during 10 sec (s) of dynamic MRI recording of maximal breathing. Three complete breathing cycles of maximal inspiration to maximal expiration are shown for each subject. The changes in the lung area follow the same direction as the changes in the distances during a breathing cycle in the patient and the control. All parameters are reduced in the patient compared to the control.
The DMD participants were shorter than the healthy volunteers (P < 0.01).
Real-time respiratory MRI measures during the vital capacity maneuver in DMD patients and controls
In 10 sec, images for 1-3 breaths were recorded in DMD boys and controls. Representative changes in the lung area and the diaphragm movement during recorded breathing cycles are shown in a 9-year-old patient and an agematched control ( Fig. 1D and E) . As shown, the diaphragm moved in parallel with the changes in the lung area during a breathing cycle in each subject. The domes of the diaphragm moved symmetrically and we did not observe any paradoxical motion of the diaphragm in patients and controls (Video S1 and Video S2).
Among 9 patients and 12 controls who recorded more than a single breath, the median difference between the two largest lung area delta values was 2.1 cm 2 and 3.2 cm 2 (IQR = 1.8-4.8 cm 2 and 1.5-8.3 cm 2 ), respectively. There was a significant difference between the two largest lung area delta values in the controls (P = 0.03), but not in the patients (P = 0.43). Additionally, the intraclass correlation coefficients for the lung area delta were 0.97 for the DMD group and 0.62 for the control group. Due to this difference in breath consistency between the groups, we used the MRI measures obtained during the breathing cycle with the largest lung area delta representing their best breath effort cycle in further analysis.
We found a significant difference in the lung area between the groups (Table 2 ). In all but one patient, the lung area at maximum inspiration and expiration was smaller than the median value of the control group ( Fig. 2A and B) . The lung area delta was not significantly different between the groups (P = 0.68; Table 2 ). The lung area delta correlated positively with the percent predicted FVC of patients (r s = 0.75, P = 0.03, n = 8). The median percent predicted sitting FVC was 95% (range: 80-123%) in eight patients. Other three patients were not randomized to the clinical trial and did not have FVC measured.
The CWM was reduced in all but one patient compared to the median value of the control group (Fig. 2C) . The DM was greater than the median control value in all but four patients (Fig. 2D) .
The mean difference in the distance between the tracing of the diaphragm by manual and the HNN segmentation methods in the same frame (n = 3280 frames) was 2 mm within the 95% limits of agreement (1.5, 2.6). The diaphragm length was similar between the groups during maximal inspiration and expiration. The diaphragm contractility, measured as the diaphragm length during maximal inspiration normalized to that during maximal expiration, was not significantly different between patients and controls ( Table 2 ). The diaphragm movement, measured as the changes in the ANT, CNT, and POST distances between maximal expiration and maximal inspiration, was not significantly different between the groups.
We observed a negative correlation between age and the MRI measures of the expiration lung area and ANT, CNT, and POST distances during expiration, the diaphragm contractility, and CWM in patients but not in controls; however, these correlations were not statistically significant (Table 3) . There was also a trend for a positive correlation between the lung area and the height and weight of subjects. The lung area during maximal inspiration and maximal expiration correlated positively with the corresponding ANT, CNT, and POST distances (as in ref 22 ) and with CWM ( Table 3 ). The lung area during maximal inspiration but not expiration significantly positively correlated with the DM. The CWM did not significantly correlate with DM (r s = 0.29, P = 0.39).
Discussion
Promising new therapies are being developed for DMD. In order for therapies to show efficacy at an early stage in the disease process, the clinical trials need to involve younger patients. The trial endpoints should be sensitive enough to demonstrate the changes in the time frame of the study. In this area, respiratory muscle function has seen little attention in clinical trials with ambulatory DMD boys. We show here that cine breathing MRI is an efficient noninvasive method for a direct assessment of the respiratory muscles in DMD patients.
We have developed a time-saving HNN method for the lung segmentation required for geometric measures and respiratory motion analysis. Although the manual segmentation method was tedious and time-consuming, the HNN method reliably identified the diaphragm and lung contours in hundreds of MR images in each dataset in average time of 45 sec using a high-performing computer clusters with 16 CPUs and 2 GPUs. The learning-based approach can be readily adapted to images acquired at different centers or using different scanning parameters. All that is needed is a new training set that can be used to train a model suitable for the new study. An advantage of using the HNN method is that as more MRI data are processed, it will become more robust through further training. Our methods show promise as useful tools for the assessment of the diaphragm and chest wall motion and identification of the causes underlying respiratory dysfunction. These tools are important to better understand the disease severity, the natural history of the disease, selection of the clinical endpoints in trials, time to initiate the treatment, and the nature of specific therapies in other neuromuscular disorders where respiratory dysfunction is a common feature. The relatively younger DMD patients (80% of patients ≤10 years of age) did not have signs or symptoms of respiratory disease and had %FVC within the normal range. Previously, the lung area measured by MRI was shown to be linearly related to the spirometry lung volumes in healthy individuals and in patients with neuromuscular weakness. 13, 22 In agreement with these studies, we found that the lung area delta representing the lung area change between maximal inspiration (total lung capacity) and the 3 Delta = change in the measure between maximum inspiration frame and maximum expiration frame in each breath cycle. 4 DMD participants n = 9, controls = 12. Figure 2 . MRI quantification of the lung area, the diaphragm and chest wall motion in individuals with DMD and healthy volunteer boys. Scatter plots show that the lung area at maximal expiration (A) and at inspiration (B) are reduced in all but one of the patients (red squares) compared to the respective median value in controls (dashed line). The chest wall motion is reduced in all but one patient (C), whereas the diaphragm motion is increased in all but four patients (D) compared to the respective median control value.
end of maximal expiration (residual volume) linearly correlated with percent predicted FVC in the DMD patients. The lung area delta was not significantly different between the patients and controls. At this early stage the MRI studies indicate that the patients had low-volume breathing compared to the controls. It has been proposed that expiratory muscles are affected early in DMD, which would lead to larger residual volumes. 24, 25 However, we observed that the lung area at residual volume was reduced indicating a change in the chest wall compliance in the patients. 26 Reduced lung area in patients may be at least in part related to their shorter height compared to controls. 27 A formal investigation into the degree of height confounding the lung area measurements is best reserved for a larger dataset.
The MRI measures of the diaphragm and chest wall motion correlated with the lung area during inspiration, indicating that both the intercostal muscles and the diaphragm are important contributors to the lung expansion in patients and controls. Previous studies showed that measurements of the FVC and inspiratory pressures may not be sufficient to detect diaphragm weakness in DMD patients due to generalized respiratory muscle weakness, and invasive tests for example, transdiaphragmatic pressure during sniff may be required. 11 Ultrasonography has been used to detect diaphragm weakness in patients and in animal models of DMD. 28, 29 However, MRI offers distinct advantages as it allows analysis of the diaphragm motion at defined locations in a reproducible manner and provides assessments of the diaphragm and thoracic muscles simultaneously and independently, which is necessary in order to understand the kinetics of the respiratory pump. 30 Previous studies have shown that the diaphragm is affected early in patients with Pompe disease. 13, 31 We found that the diaphragm function was preserved in younger DMD patients, whereas the chest wall movement (mainly intercostal muscles) was reduced during maximal inspiration. The reduction in the chest wall motion may also be related to alterations in the elasticity of the lungs associated with diminished lung volumes. 32 Note that our patients did not have parenchymal lung disease, thoracic spine kyphoscoliosis, or congestive heart failure, 15 which are known to cause reduction in residual volume.
The MRI methods were dependent on the ability of the participants to perform the vital capacity maneuver in supine position. Evaluation of the respiratory MRI measures in a supine position is likely to be more sensitive in detecting early signs of the diaphragm weakness. We did not use an MR-compatible spirometer during scanning, and this could have potentially improved compliance of subjects. Our data indicate that particularly for patients, the overall variability in the repeated measurements came from differences between individuals, not within individuals. A negative correlation between patients' age and their chest wall motion and diaphragm contractility may demonstrate a trend for deterioration in these measures in older DMD patients. Longitudinal observations in a larger group of patients including younger boys and nonambulatory individuals may identify the most informative biomarkers for demonstrating the change in respiratory status in individual muscles overtime and to determine whether there is a difference with therapeutic intervention.
In conclusion, we show the feasibility of separate assessments of the diaphragm and chest wall muscles using MRI in younger boys with DMD and controls. Although respiratory morbidity is heralded by a decrease in FVC according to current guidelines, 3 the MRI data indicate that younger ambulatory DMD patients show signs of diminished lung areas at total lung capacity and residual volume when their FVC is determined to be within normal range. Our results demonstrate a reduction in chest wall motion and validate the common perception that the diaphragm is not affected at this early stage in DMD. The rate of progression in these parameters, their ability to predict the FVC decline, and whether early initiation of treatment has positive effects on the quality of life can be determined in future studies of DMD patients.
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Video S1. Dynamic changes of the lung area and the diaphragm during maximal breathing in the coronal plane during 10 sec of cine MRI recording in a patient with Duchenne muscular dystrophy (A) and an age-matched healthy volunteer boy (B). Video S2. Dynamic changes of the lung area and the diaphragm during maximal breathing in the right sagittal plane during 10 sec of cine MRI recording in a patient with Duchenne muscular dystrophy (A) and an agematched healthy volunteer boy (B).
